INTRODUCTION {#SEC1}
============

Ribosomes are essential ribonucleoprotein complexes engaged in protein translation in cells. The plastid of plant and algal cells is thought to result from an endosymbiotic event where an early eukaryotic cell engulfed a photosynthetic cyanobacterium ([@B1]). As such, plastids possess their own genome, as well as a translational apparatus, the plastid ribosome, which is related to that of bacteria, but has adopted novel mechanisms in order to execute the specific roles that this organelle performs within a eukaryotic cell. For instance, four plastid-specific ribosomal proteins (PSRP2/cS22, PSRP3/cS23, PSRP5/cL37 and PSRP6/cL38) have been implicated to play an important role in the regulation of translation and stability of the ribosome ([@B2]). Interestingly, in addition to their housekeeping functions in plastid protein biosynthesis, there is mounting genetic evidence to suggest that defects in plastid ribosome function impair plant development ([@B8]). However, the underlying mechanism(s) still remain largely unknown.

The plastid ribosome is a bacterial-type 70S ribosome composed of a large (50S) and a small (30S) subunit. The ribosomal subunits consist of a few ribosomal RNA (rRNA) species and a set of ribosomal proteins. The biosynthesis of mature rRNAs requires a complex series of post-transcriptional processing steps including nucleotide modifications, some of which take place during or immediately after transcription, while others occur in a ribosome assembly-assisted manner ([@B9],[@B10]). The methylation of rRNA is ubiquitous among all living organisms ([@B9],[@B10]), but its extent and complexity varies between species. The process of rRNA methylation appears to have evolved to refine the structure of rRNA to optimize ribosomal function ([@B11]). The *Escherichia coli* rRNA contains at least 24 methylated residues, and \>20 site-specific methyltransferases responsible for these modifications have been described ([@B9]). Although the catalytic mechanism of rRNA methylation is well understood, its physiological significance *in vivo* is still an open question; all of the rRNA methylation sites studied so far in *E. coli* are dispensable for cell survival, suggesting that they are not vital for the core translation cycle reactions in this bacterium ([@B12]). The m^2^G~966~/m^5^C~967~ methylations of the 16S rRNA may shape bacterial fitness by modulating the initiation of translation ([@B15]); however, it is currently unclear whether this function can be attributed to the majority of modified rRNA residues. To date, three different forms of nucleotides methylation have been experimentally identified in plant chloroplast RNAs ([@B16]). However, methyltransferases responsible for these modifications have not been described yet.

RNA methylation is catalyzed by a variety of RNA-methyltransferases which include four superfamilies. The largest number of known RNA-methyltransferases is the Rossmann-fold methyltransferase superfamily, whose name is derived from the universal structural motif known for binding of adenosine-containing cofactors ([@B19],[@B20]). This superfamily and all other methyltransferases, with a single exception, utilize *S-*adenosyl-methionine (SAM) to supply the methyl group ([@B19],[@B20]). The second largest group is made up of the SPOUT superfamily, which is named after two evolutionarily-related RNA methyltransferases, SpoU and TrmD ([@B21],[@B22]). All known SPOUT methyltransferases function as dimers, with the catalytic site located at the interface of two monomers. Members of the third family belong to the radical SAM-dependent methyltransferase family, contain \[4Fe-4S\] clusters and generate radicals as part of the reaction mechanism ([@B23]). Up to now, the fourth family contains only one RNA-methyltransferase: the folate/FAD-dependent RNA methyltransferase ([@B20]). Compared to cytoplasmic RNA-methyltransferases, less information is available for organelle RNA-methyltransferases. Surprisingly, two mitochondrial proteins, h-mtTFB1 and h-mtTFB2, which share significant similarity to bacterial methyltransferases of the KsgA family, can also stimulate transcriptional activity of mitochondrial genes ([@B24],[@B25]), suggesting that novel functions might have been acquired for organelle RNA-methyltransferases during evolution.

Here, we uncovered the role of a chloroplast-localized rRNA methyltransferase, CMAL ([C]{.ul}hloroplast [M]{.ul}r[a]{.ul}W-[L]{.ul}ike), in Arabidopsis. We found that CMAL accounts for the N~4~-methylation of C~1352~ in chloroplast 16S rRNA, which is indispensable for the accumulation of chloroplast ribosomes. Interestingly, the loss of CMAL leads not only to defects in chloroplast function, but also to abnormal leaf and root development and overall plant morphology, suggesting a critical role of CMAL in plant development. We further showed that CMAL is involved in the plant development probably by modulating auxin-signaling pathways.

MATERIALS AND METHODS {#SEC2}
=====================

Plant materials and growth conditions {#SEC2-1}
-------------------------------------

All *Arabidopsis* strains used in this study had the Columbia-0 (Col-0) background. The mutant *CS823952* (*cmal*) was obtained from the *Arabidopsis* Biological Resource Center (ABRC, <http://abrc.osu.edu/>), and was genotyped using PCR or genomic DNA sequencing.

The homozygous *cmal* mutant was crossed to wild type (WT) Arabidopsis expressing DII-VENUS, PIN1:PIN1-GFP and PIN2:PIN2-GFP reporter (Stocks CS799175, CS799173 and CS23889 from ABRC) and homozygotes were recovered from F2 populations. To produce the *ProCMAL:GUS* construct, a 1.0-kb DNA fragment upstream of the *CMAL* start codon was amplified from WT genomic DNA using PCR, then inserted into the binary vector pCAMBIA-1305 and transformed into the WT. The *ProDR5:GUS* construct was a kind gift from Dr Tom J. Guilfoyle ([@B26]), and was transformed into both the WT and *cmal* mutant plants. For the complementation experiments, the full-length coding sequence of *CMAL* was amplified from the WT using PCR and cloned into the pCAMBIA1305 binary vector under the control of the CaMV 35S promoter. All of the constructs were transformed into *Arabidopsis* using the floral dip method.

The *Arabidopsis* seeds were surface-sterilized, cold-stratified in the dark for three days, and sown onto a half-strength MS medium. The plants were grown in a growth chamber at 22°C under a 12-h light/12-h dark cycle, with a light intensity of 120 μmol m^--2^ s^--1^ provided by cool-white fluorescent bulbs.

RT-PCR, RNA blotting and polysome profiling {#SEC2-2}
-------------------------------------------

Frozen leaves from 14-day-old plants were ground in liquid nitrogen and their RNA was extracted using Trizol reagent (Thermo Fisher Scientific). The RNA samples were treated with DNase I for 30 min at 37°C, then transcribed using SuperScript II Reverse Transcriptase with reduced RNase H activity (Thermo Fisher Scientific) and random primers, according to the manufacturer\'s instructions. The resulting cDNA samples were used for a PCR analysis with gene-specific primers. The *TUBULIN6* gene was amplified as an internal control to quantify the relative cDNA abundance of the target sequences.

For the RNA blot analysis, 10 μg total RNA was loaded onto a 1.5% formaldehyde agarose gel and transferred onto nylon membranes using capillary blotting. The hybridization probes for the chloroplast genes were generated in a PCR amplification with gene-specific primers, purified using agarose gel electrophoresis, and labeled with \[α^32^P\]-dCTP. The polysomes were isolated from the leaf extracts following the method described by Barkan ([@B27]). Polysomal aliquots (0.5 ml) were layered on 4.4-ml 15--55% sucrose gradients and centrifuged for 65 min at 45 000 rpm at 4°C, after which 0.4-ml fractions were collected. The RNA in each fraction was isolated, separated, transferred onto nylon membranes and subjected to RNA blotting.

Subcellular localization assay {#SEC2-3}
------------------------------

To determine the subcellular localization of the CMAL protein, the open reading frames of full-length *CMAL* was PCR-amplified and subcloned into the pUC18-35S-sGFP vector to generate their respective fusion proteins with GFP at the C-terminus. The control constructs for the subcellular localization assay were generated as described previously ([@B28]).

Protein immunoblotting {#SEC2-4}
----------------------

Total protein was isolated from *Arabidopsis* seedlings, according to the method described previously ([@B29]). Briefly, 0.05 g of *Arabidopsis* leaves were ground in extraction buffer (125 mM Tris, 1% SDS (w/v), 10% glycerol (v/v) and 50 mM Na~2~S~2~O~5~) and subsequently centrifuged at 13 000 *g* for 10 min. The total proteins in the supernatant were quantified using the DC Protein Assay Kit, according to the manufacturer\'s instructions (Bio-Rad Laboratories). The proteins were resolved using 10% and 15% SDS-PAGE and were transferred onto nitrocellulose membranes. The immunoblots were performed using specific primary antibodies, and the signals from the secondary conjugated antibodies were detected using the enhanced chemiluminescence method. Antibodies used for protein immunoblotting were described previously ([@B30],[@B31]).

Microscopy {#SEC2-5}
----------

Embryos of WT and heterozygous plants were dissected from the ovules, fixed, and cleared as previously described ([@B32]). The embryos were then examined with Nomarski optics using a Leica DMRB microscope (Leica Microsystems) equipped with a video camera (Hitachi, HV-C20A). Samples of three-week-old WT and *cmal* rosette leaves were prepared for transmission electron microscopy and were imaged using a transmission electron microscope (JEM-1230; JEOL). The measurement of root epidermal cells was performed as described in Han *et al.* ([@B33]).

For visualization of starch in roots, tissues were decolorized in hot 80% (v/v) ethanol, rinsed in water, stained in Lugol\'s iodine solution. Stained sections were photographed with a stereomicroscope equipped with a CCD camera.

For GUS staining, the seedlings were fixed for 20 min in ice-cold 90% (v/v) acetone, washed three times (5 min per wash) with ice-cold phosphate buffer \[100 mM sodium phosphate (pH 7)\], 10 μM EDTA, 0.1% Triton X-100 and 1 mM potassium ferricyanide, and stained with X-gluc (5- bromo-4-chloro-3-indolyl-β-[d]{.smallcaps}-glucuronic acid) solution (2 mM X-gluc in the same phosphate buffer) for 4 h at 37°C. Pictures of individual representative seedlings were taken using a stereomicroscope equipped with a CCD camera.

GFP fluorescence was visualized using confocal microscopy (Leica TCS SP5) at an excitation wavelength of 488 and 647 nm, respectively. The autofluorescence of chlorophyll was captured between 662 and 721 nm.

Methylation analysis by bisulfite treatment {#SEC2-6}
-------------------------------------------

The level of RNA methylation was assessed using bisulfite-sequencing, performed according to the method described by Schaefer *et al.* ([@B34]). Total RNA isolated from *Arabidopsis* seedlings was digested with DNase I (Promega) then treated with the EpiTect Bisulfite Kit (Qiagen). The conversions were carried out in a 70-ml reaction volume containing 1 μg total RNA in 20 μl RNase-free water, 42.55 ml bisulfite mix and 17.5 ml DNA protect buffer (both provided with the kit). The RNA was denatured at 70°C for 5--10 min, which was followed by a 1-h reaction period at 60°C. The RNA was isolated from the bisulfite reaction mix then subjected to RT-PCR to amplify the target sequence. The PCR products were cleaned using a DNA Clean Kit (Qiagen) and cloned into the pGEM-T vector (Promega) for sequencing.

RNA sequencing analysis of the WT and *cmal* mutant {#SEC2-7}
---------------------------------------------------

The RNA sequencing and data analysis were performed by BGI Tech Solutions, as described previously ([@B35]). Poly(A) mRNA was isolated from total RNAs of two-week-old Arabidopsis seedlings using oligo(dT) beads. The first-strand cDNA was generated using random hexamer-primed reverse transcription, after which the second-strand cDNA was synthesized using RNase H and DNA polymerase I. The RNA sequencing libraries were prepared following Illumina\'s protocols and were sequenced using the Illumina GA II platform. A gene expression profiling analysis was performed based on the number of tags matching the exon regions, and the number of reads per kilobase of exon model per million mapped reads (RPKMs) were calculated to evaluate the expressed value and quantify transcript levels. Gene expression differences were evaluated using a chi-square test and the false discovery rate (FDR) was also controlled. Genes that had an FDR \< 0.001 and for which the FPKM estimate was 2-fold higher than that of the lowest one were identified as differentially expressed genes (DEGs). GO enrichment annotations of DEGs were calculated using the GO:TermFinder software (version v0.86). A corrected *P*-value ≤0.05 or a *Q*-value ≤0.05 was used as a threshold for 'enriched' DEGs. The Pathfinder Internal software was used for analysis of statistical enrichment of DEGs in KEGG pathways. Three biological replicates each with three technical replicates were performed.

Free IAA measurement {#SEC2-8}
--------------------

Free IAA content was measured in seedlings using ultraperformance liquid chromatography--tandem mass spectrometer (UPLC--MS/MS) as described previously ([@B36]).

RESULTS {#SEC3}
=======

The *cmal* mutant has multiple developmental defects {#SEC3-1}
----------------------------------------------------

The *cmal* mutant was identified in a genetic screen of *Arabidopsis thaliana* mutants with dysfunctional chloroplasts ([@B37]). The *cmal* plants display a high chlorophyll fluorescence phenotype. The *F*~v~/*F*~m~ ratio (indicating the maximum potential capacity of the photochemical reactions of photosystem II) of the newly emerging true leaves in *cmal* was significantly lower than that of the WT plants (Figure [1A](#F1){ref-type="fig"}), suggesting that photosynthetic performance is affected in *cmal*. A transmission electron microscopy analysis revealed that thylakoid development was also impaired in *cmal* (Figure [1B](#F1){ref-type="fig"}).

![The *cmal* mutant displays aberrant development. (**A**) The *cmal* mutant has a high chlorophyll fluorescence phenotype. The *cmal* and WT plants were grown on half-strength MS medium for three weeks and the chlorophyll fluorescence was measured using a CF Imager (Technologica). The *F*~v~/*F*~m~ values are indicated in the pseudocolor index. (**B**) Transmission electron microscope images of the chloroplast thylakoid membranes of three-week-old leaves of WT and *cmal* plants. Bars = 1 μm. (**C**) Phenotype of *cmal* and WT plants grown on half-strength MS medium for 1--4 weeks. The image of one *cmal* seedling grown for 3 weeks was enlarged to display the leaf shape. The length:breadth ratios (L/B) of the first true leaves of 4-week-old seedlings are shown. The data represent the mean ± SD of three independent experiments, each containing ten plants per line. Statistical analysis was performed using the Student\'s *t-*test (\*\**P* \< 0.01). (**D**) Primary roots of *cmal* and WT plants grown on half-strength MS medium for four and 10 days. (**E**) Epidermal cells of WT and *cmal* roots grown for 28 days. Black vertical bars mark a representative epidermal cell. The epidermal cell lengths of the WT and *cmal* plants are shown on the right. The data represent the mean ± SD of three independent experiments, each containing ten plants per line. Statistical analysis was performed using the Student\'s *t-*test (\*\*\**P* \< 0.001). Bars = 20 μM. (**F**) Representative mature WT (6-week-old) and *cmal* plants (12-week-old) grown on soil. The WT plants grown for 12 weeks were already senescent and are not showed here.](gkaa129fig1){#F1}

In addition to the defects in chloroplast function, the *cmal* plants displayed several developmental disorders rarely observed in other mutants with dysfunctional chloroplasts. First, the leaf blades of *cmal* were significantly narrower than those of the WT (Figure [1C](#F1){ref-type="fig"}), which was particularly apparent in the first true leaves of *cmal* grown on Murashige and Skoog (MS) medium. In addition, the growth of the primary roots was significantly retarded in *cmal* (Figure [1D](#F1){ref-type="fig"}), reaching \<10% of the length of the WT roots when grown for 10 days on MS medium under constant light. The root epidermal cells of *cmal* were shorter than those of the WT, suggesting that cell expansion is impaired in *cmal* roots (Figure [1E](#F1){ref-type="fig"}). In addition, light microscopy of iodine-stained root tips showed that levels of starch were reduced in *cmal* ([Supplemental Figure S1](#sup1){ref-type="supplementary-material"}), suggesting that the development of amyloplasts was affected as well in *cmal*. Interestingly, exogenously supplied sucrose in the MS medium was unable to relieve the development defects of roots ([Supplemental Figure S2](#sup1){ref-type="supplementary-material"}), suggesting that these defects did not merely result from the photosynthetic malfunction occurring in *cmal*. In conclusion, these data also indicate that CMAL acts not only in chloroplasts but also in other plastid types.

When transferred from the MS medium to soil, the *cmal* seedlings grew extremely slowly and their flowering time was delayed accordingly. At maturity, the *cmal* seedlings grown on soil had significantly more branches and displayed a bushier phenotype than the WT due to their reduced apical dominance (Figure [1F](#F1){ref-type="fig"}). These developmental defects are reminiscent of defects in auxin signaling ([@B38],[@B39]), suggesting that the auxin-signaling pathway may be affected in *cmal*.

CMAL encodes an RNA methyltransferase localized in chloroplasts {#SEC3-2}
---------------------------------------------------------------

A thermal asymmetric interlaced PCR was used to identify a T-DNA insert in the second intron of the *AT5G10910* gene in *cmal*, which resulted in the loss of *AT5G10910* mRNA in these plants ([Supplemental Figure S3A](#sup1){ref-type="supplementary-material"}). When *AT5G10910* was expressed in the *cmal* mutants under the control of the cauliflower mosaic virus (CaMV) 35S promoter, the WT phenotype was fully restored ([Supplemental Figure S3B](#sup1){ref-type="supplementary-material"}). These results indicate that *AT5G10910* is indeed responsible for the *cmal* mutant phenotype, and this gene is therefore referred to as *CMAL* hereafter.

The CMAL protein consists of 434 amino acids and shares a significant sequence identity with a SAM-dependent methyltransferase, MraW, in eubacteria ([@B40]). Two chloroplast-targeting prediction algorithms (TargetP, and Predotar) predicted a chloroplast transit peptide at the N terminus of the CMAL protein sequence ([Supplemental Figure S4](#sup1){ref-type="supplementary-material"}). Using a CMAL-GFP fusion protein, we showed that CMAL was indeed localized in chloroplasts (Figure [2A](#F2){ref-type="fig"}). It should be noted that the fluorescence signals generated with CMAL-GFP displayed a punctuated pattern resembling the appearance of nucleoids ([@B43]), suggesting that CMAL is a nucleoid-associated protein. We then further examined whether CMAL-GFP was colocalized with red fluorescent protein (RFP) fused with pTAC5, a well-known nucleoid-localized protein ([@B44]). The merged fluorescence signal of CMAL-GFP and pTAC5-RFP confirmed that CMAL and pTAC5 colocalized in chloroplast nucleoids (Figure [2A](#F2){ref-type="fig"}). We also constructed several transgenic lines expressing CMAL-FLAG fusion proteins and performed immunoblotting with anti-FLAG antibody to investigate the subcellular localization of CMAL. In accordance with the result of the GFP assay, we detected the CMAL-FLAG protein in chloroplasts but not in nuclei or mitochondria (Figure [2B](#F2){ref-type="fig"}). In addition, a proteomic assay confirmed that CMAL was localized in the chloroplast ([@B48]).

![The subcellular localization and expression pattern of *CMAL*. (**A**) Subcellular localization of the CMAL protein. The CMAL-GFP fusion proteins were transiently expressed under the control of CaMV 35S promoter in *Arabidopsis* protoplasts and visualized with confocal laser-scanning microscopy. CMAL-GFP, signals from the CMAL-GFP fusion protein; FBR1-GFP, control for nuclear localization using fibrillarin 1 ([@B45]); FRO1-GFP, control for mitochondrial localization using FERRIC REDUCTION OXIDASE 1 (FRO1) ([@B46]); RbcS-GFP, control for chloroplast localization using the transit peptide of the ribulose bisphosphate carboxylase small subunit. Magenta signals indicate the chloroplast autofluorescence. The bottom panel indicates the colocalization of CMAL-GFP with the pTAC5-dsRED protein in the chloroplast nucleoids. The variation of chloroplast content in mesophyll protoplasts shown in this image might be due to the different developmental stages and/or cell types of the mesophyll tissue ([@B47]). (**B**) Immunoblot analysis of CMAL subcellular localization. Total protein, chloroplast protein, mitochondrial protein and nucleoprotein preparations from WT and transgenic plants expressing CMAL-FLAG fusion proteins were analyzed using immunoblot analysis with specific antisera against FLAG, H3, mitochondrial Mn-superoxide dismutase (MSD1), and ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (RbcL). (**C**) qRT-PCR analysis of *CMAL* mRNA in different *Arabidopsis* tissues and organs. Rt, roots; Sd, seedlings of 1-week-old; St, stems; Fl, flower buds; Silq1, siliques from the zygote to globular stages; Silq2, siliques from the globular to heart stages; Silq3, siliques from the heart to cotyledon stages; RL, rosette leaves; Cl, cauline leaves. Different tissues and organs were harvested from 6-week-old Arabidopsis seedlings. Expression levels of *CMAL* mRNAs in different tissues were normalized (expression in roots was set to 1). (**D**) Assay of the *CMAL* promoter activity. *CMAL* promoter-driven GUS constructs (*ProCMAL:GUS*) were transformed into WT plants and a histochemical analysis of the GUS activity was performed in three-day-old transgenic seedlings (a), 6-day-old seedlings (b), three-week-old seedlings (c), inflorescences (d), anthers (e), and developing seeds at the heart stage (f). Results from two independent lines (\# 3 and \# 7) are shown. WT plants were used as negative controls.](gkaa129fig2){#F2}

*CMAL* was differentially expressed in different Arabidopsis tissues as revealed by qRT-PCR assays (Figure [2C](#F2){ref-type="fig"}). To further investigate the expression profile of *CMAL*, the amplified promoter DNA sequence of CMAL was fused to the GUS reporter gene. The histochemical assays from two independent *ProCMAL:GUS* transgenic lines showed that *CMAL* was broadly expressed in a variety of plant tissues and organs (Figure [2D](#F2){ref-type="fig"}).

CMAL is involved in the N~4~-methylation of C~1352~ in chloroplast 16S rRNA {#SEC3-3}
---------------------------------------------------------------------------

MraW uses SAM as a methyl donor and catalyzes the methyltransferase reaction to various RNA nucleotides ([@B41]). The *E. coli* MraW protein, RsmH, is responsible for N~4~-methylation at the C~1402~ position of 16S rRNA, which is required for the fine-tuning of the ribosomal decoding center ([@B41]). Chloroplast rRNAs are most closely related to eubacterial rRNAs, and typically share over 70% of their primary sequence identity with the *E. coli* 16S rRNA ([@B49],[@B50]). In addition, the secondary structure of plastid 16S rRNA resembles that of bacteria except for the shortening of helices H6, H10, and H17 in the plastid 16S rRNA, leading to a truncated plastid 30S ribosome ([@B4],[@B6],[@B7]). We found that the *E. coli* C~1402~ position corresponds to C~1352~ of *Arabidopsis* 16S rRNA, and is well conserved among the 16S rRNA sequences of several plant species (Figure [3A](#F3){ref-type="fig"}). Based on these results, we suspected that the methylation of this nucleotide in *E. coli* might also occur in chloroplasts, and that CMAL might participate in its N~4~-methylation.

![CMAL is involved in the N~4~-methylation of C~1352~ in the chloroplast 16S rRNA. (**A**) Alignment of 16S rDNA sequences from different species. The conserved nucleotides are enclosed in red lines. Blue asterisks indicate the C~1352~ site of the *Arabidopsis* 16S rDNA. (**B**) Methylation analysis of the C~1352~ site of the 16S rRNA. Total RNA from the WT and *cmal* was treated with sodium bisulfite and then subjected to RT-PCR with 16S-rRNA-specific oligonucleotides. The RT-PCR products were subcloned into T-vectors for sequencing. The PCR products generated using chloroplast genomic DNAs treated with sodium bisulfite were used as controls. The sequences were assayed using the Chrosome software. Blue asterisks indicate the C~1352~ site.](gkaa129fig3){#F3}

To address this possibility, we investigated the methylation of C~1352~ in *Arabidopsis* 16S rRNA using bisulfite-sequencing in both *cmal* and WT plants. In this assay, the incubation of nucleotides with sodium bisulfite causes unmethylated cytosine residues to be converted into uracil, but methylated cytosines remains unchanged, thereby giving rise to different DNA sequences from methylated and unmethylated RNAs during reverse transcription ([@B51]). Our sequencing results showed that the genomic nucleotide C~1352~ was sequenced as T~1352~ following the reverse transcription of *cmal* 16S rRNA that had been incubated with sodium bisulfite; however, this nucleotide difference between genomic and reverse transcription products of the 16S rRNA was not detected in the WT (Figures [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). As a control, the 16S rDNA from both the WT and the mutant was also subjected to bisulfite sequencing, revealing the presence of T~1352~ in both genotypes and indicating that no methylation was present on this nucleotide in the chloroplast genomic DNA (Figure [3B](#F3){ref-type="fig"}). These results clearly indicate that the methylation of C~1352~ in 16S rRNA occurs in the WT plants but is blocked in the *cmal* mutant.

In addition to C~1402~, *E. coli* rRNAs contain several other methylcytosines, which can also be detected by the RNA bisulfite sequencing ([@B34]). Thus, we investigated whether CMAL is also responsible or the methylation of other cytosines of chloroplast rRNAs using the same bisulfite sequencing as done for C~1352~. In addition to C~1352~, we identified three methylcytosine in chloroplast rRNAs from WT: C~897~ of the 16S rRNA, C~1977~ and C~1940~ of the 23S rRNA. Nevertheless, none of these methylation sites was affected in *cmal* ([Supplemental Figure S5](#sup1){ref-type="supplementary-material"}).

Chloroplast ribosome accumulation is altered in *cmal* {#SEC3-4}
------------------------------------------------------

To address the possible impacts of the methylation of C~1352~ in the 16S rRNA on the integrity and function of the chloroplast ribosomes, we first examined the levels of chloroplast ribosomal proteins in *cmal* and the WT plants using immunoblot analyses. The levels of RPS5 (SMALL RIBOSOMAL SUBUNIT 5, uS5c) and RPL4 (LARGE RIBOSOMAL SUBUNIT 4, uL4c), which represent components of the 30S and 50S ribosomal subunits, respectively ([@B2],[@B52]), were both reduced in the *cmal* mutant (Figure [4A](#F4){ref-type="fig"}). The levels of chloroplast rRNA were investigated using RNA blot analyses, which revealed that the abundance of the mature form of the 16S rRNA (1.5-kb molecule) was dramatically decreased in *cmal* relative to the WT, whereas the level of the precursor rRNA (1.7-kb) molecule was increased (Figure [4B](#F4){ref-type="fig"}). Levels of the three 23S rRNA species of 3.2, 2.9, and 2.4 kb were increased in *cmal*, while four shorter forms of 0.5, 1.1, 1.3 and 1.8 kb were decreased (Figure [4B](#F4){ref-type="fig"}). The accumulation of the 1.7 and 3.2 kb RNA species of the 16S and 23S rRNA, respectively, suggests that chloroplast rRNA processing and/or ribosome assembly may be impaired in the *cmal* mutant. Our analysis of the levels and patterns of representative chloroplast mRNAs revealed no significant differences between *cmal* and WT plants (Figure [4C](#F4){ref-type="fig"}). In contrast to the change of chloroplast rRNAs, we found that the abundance of mitochondrial 18S rRNA was not reduced but rather slightly increased (Figure [4C](#F4){ref-type="fig"}), suggesting that the mitochondrial ribosome accumulation was virtually not affected in *cmal*.

![Accumulation of chloroplast ribosomes in *cmal*. (**A**) Immunoblot analysis of chloroplast ribosomal proteins of 3-week-old *cmal* and WT plants. Total leaf protein (20 μg or the indicated dilution of WT samples) was analyzed by probing the immmunoblots with antibodies against RPL4 and RPS5. The Coomassie blue-stained blot at the bottom serves as a loading control. RPS5 and RPL4 are also renamed as uS5c and uL4c, respectively, according to the new nomenclature of ribosomal proteins ([@B53]) (<https://bangroup.ethz.ch/research/nomenclature-of-ribosomal-proteins.html>). (**B**) Levels of 16S and 23S rRNAs in 4-week-old *cmal* and WT plants. Total RNA from *Arabidopsis* leaves was analyzed using an RNA gel-blot hybridization with specific probes for 16S and 23S rRNA. The diagram of the rRNA operon and locations and sizes of distinct forms of rRNA species observed by RNA gel blotting are shown on the top. The gel was stained with ethidium bromide (EtBr) to visualize the rRNA, and was used as a loading control. (**C**) The abundance of chloroplast-encoded mRNAs and mitochondrial 18S rRNA was assayed using RNA gel-blot hybridizations as performed in (B).](gkaa129fig4){#F4}

The translation activity was reduced in *cmal* chloroplasts {#SEC3-5}
-----------------------------------------------------------

Given that *cmal* contained significantly fewer mature ribosomal RNA molecules than the WT, and that the mutant accumulated fewer chloroplast-encoded proteins (Figure [5A](#F5){ref-type="fig"}), we next prepared leaf extracts fractionated in sucrose gradients under conditions that maintained intact polysomes and investigated the distribution of polysomes and free ribosomes reflecting the translation efficiency in chloroplasts. We found that the 16S rRNA was clearly shifted towards lower sucrose concentration in the mutant in comparison with the WT, suggesting that *cmal* contains fewer polysomes (Figure [5B](#F5){ref-type="fig"}). We therefore concluded that a general translation defect in *cmal* due to the absence of C~1352~ methylation in the 16S rRNA. In agreement with this hypothesis, the polysomal loading of several chloroplast mRNAs was also reduced in *cmal* mutant (Figure [5B](#F5){ref-type="fig"}).

![The translation efficiency of chloroplast mRNAs was reduced in *cmal*. (**A**) Immunoblot analysis of chloroplast-encoded proteins in *cmal* and WT plants. Total protein (10 μg) was extracted from four-week-old WT and *cmal* plants, separated using SDS-PAGE, and probed with different antibodies for specific proteins. The Coomassie blue-stained blot at the bottom serves as a loading control. (**B**) Polysome profiles of 4-week-old WT and *cmal* leaves. Twelve fractions of equal volume were collected from the top to bottom of 15% to 55% sucrose gradients. Equal proportions of the RNA purified from each fraction were analyzed using gel-blot hybridizations with the different probes. As a control, polysomes were isolated in the presence of EDTA which can disrupt polysome association, blotted, and hybridized to the *rbcL* probe. Signals of the polysomal fractions (fractions 1--5) and monosomes/free RNA fractions (fractions 6--12) were quantified with Image J respectively as described in Schult *et al.* ([@B54]). For the analysis of the rRNA distribution, an ethidium bromide-stained agarose gel prior to blotting is shown.](gkaa129fig5){#F5}

Auxin signaling is altered in *cmal* {#SEC3-6}
------------------------------------

To further elucidate the roles of CMAL in developmental regulation, we examined global gene expression in the WT and *cmal* plants using RNA sequencing. We identified 1,688 differently expressed genes (DEGs) between the *cmal* and WT plants (FDR \< 0.001 and absolute values of log~2~(ratio) ≥ 1). Only 15% of the DEG products were predicted to be localized within chloroplasts ([Supplemental Figure 6A](#sup1){ref-type="supplementary-material"}). Many DEG products were predicted to be associated with the cell wall, endoplasmic reticulum, vacuole, peroxisome, cytoskeleton, Golgi apparatus, mitochondria, or the nucleus, suggesting that some biological processes outside of the chloroplast might also be affected in *cmal*. To explore the biological processes in which CMAL is involved, the DEGs were annotated with the reference pathway categories in the Kyoto Encyclopedia of Genes and Genomes (KEGG) (<http://www.genome.jp>). Identified DEGs with highest *P*-values are involved in several biological pathways, including plant-pathogen interactions, plant hormone signal transduction, and stilbenoid biosynthesis ([Supplemental Figure S6B](#sup1){ref-type="supplementary-material"}). Considering the obvious developmental defects occurring in the *cmal* mutant, the pathway of plant hormone signal transduction came to our attention.

We found that ∼40% of the hormone-related genes belonged to the auxin pathway (Table [1](#tbl1){ref-type="table"}), which is agreement with the fact that the developmental defects of *cmal* are reminiscent of defects in auxin signaling. The expression change of these auxin-related genes was further verified by qRT-PCR assays ([Supplemental Figure S7](#sup1){ref-type="supplementary-material"}). Three well-known groups of early auxin-responsive genes, the auxin/indole-3-acetic acid (Aux/IAA), small auxin-up RNA (SAUR), and GH3 gene families ([@B55]), were remarkably enriched among the genes repressed in *cmal* (5, 14 and 4 genes, respectively) (Table [1](#tbl1){ref-type="table"}). In addition to the early auxin-responsive genes, several genes involved in auxin biosynthesis were down-regulated, including *YUCCA8 (YUC8)* encoding a putative flavin monooxygenase-like enzyme ([@B56],[@B57]), *CYP71A27* and *CYP79B3* encoding two putative P450 monooxygenases ([@B58]). Interestingly, a myb-like transcription factor RVE1 that regulates free auxin levels by directly controlling the expression of *YUCCA8* ([@B59]) was also down-regulated in *cmal* mutant (Table [1](#tbl1){ref-type="table"}). In contrast to the change of auxin biosynthetic genes, the expression of two genes involved in auxin homeostasis *ILL6* and *IAR3* encoding two IAA amino acid conjugate hydrolases ([@B60]) was clearly increased in *cmal* (Table [1](#tbl1){ref-type="table"}).

###### 

Expression change of auxin-related genes in *cmal* mutant

  Gene ID                            Gene name                                              *P* Value   Fold change^a^
  ---------------------------------- ------------------------------------------------------ ----------- ----------------
  **Early auxin-responsive genes**                                                                      
  AT4G14560                          *IAA1*                                                 9.82E-09    −1.04
  AT1G04240                          *IAA3*                                                 1.14E-16    −1.17
  AT3G15540                          *IAA19*                                                1.70E-16    −1.35
  AT4G32280                          *IAA29*                                                6.36E-20    −1.78
  AT5G13370                          *GH3L*                                                 2.69E-09    1.03
  AT1G48690                          *GH3*                                                  1.29E-06    −2.49
  AT4G37390                          *GH3.2*                                                4.68E-08    −1.63
  AT4G03400                          *GH3.10*                                               1.87E-06    −1.23
  AT4G34770                          *SAUR1*                                                1.14E-19    −2.12
  AT2G18010                          *SAUR10*                                               1.27E-05    −2.45
  AT4G38850                          *SAUR15*                                               6.92E-11    −2.79
  AT4G38860                          *SAUR16*                                               7.14E-14    −1.17
  AT3G03840                          *SAUR27*                                               7.68E-06    −1.59
  AT4G00880                          *SAUR31*                                               9.34E-08    −1.58
  AT2G46690                          *SAUR32*                                               1.01E-16    −1.63
  AT2G45210                          *SAUR36*                                               4.09E-07    −1.95
  AT4G31320                          *SAUR37*                                               5.44E-10    −3.83
  AT4G34760                          *SAUR50*                                               6.13E-14    −1.39
  AT5G50760                          *SAUR55*                                               4.37E-17    −2.27
  AT1G29440                          *SAUR63*                                               9.56E-07    −1.86
  AT1G29450                          *SAUR64*                                               4.24E-05    −1.70
  AT5G20820                          *SAUR76*                                               3.97E-06    −1.92
  **Auxin metabolism genes**                                                                            
  AT5G17300                          *RVE1*(*REVEILLE1*)                                    1.31E-06    −1.08
  AT3G07390                          *AIR12*(*AUXIN-INDUCED IN ROOT CULTURES 12*)           2.61E-24    1.27
  AT4G31500                          *SUR2* (*SUPERROOT 2*)                                 1.59E-57    1.14
  AT1G44350                          *ILL6* \[*IAA-LEUCINE RESISTANT (ILR)-LIKE GENE 6*\]   9.57E-65    2.49
  AT1G51760                          *IAR3* (*IAA-ALANINE RESISTANT3*)                      5.48E-46    1.61
  AT4G28720                          *YUCCA8* ^b^                                           1.94E-09    −1.32
  AT4G20240                          *CYP71A27* (*CYTOCHROME P450, FAMILY 71*)              5.61E-06    −1.85
  AT2G22330                          *CYP79B3* (*CYTOCHROME P450, FAMILY 79*)               3.75E-39    −2.01

^a^Log~2~ ratios (*cmal*/WT).

^b^A flavin-monooxygenase in auxin biosynthesis.

Transcriptional reprogramming of early auxin-responsive genes can be triggered precisely and rapidly by the change of auxin levels *in planta* ([@B39]). In addition, the expression of auxin biosynthetic and homeostasis genes was altered in *cmal*. Based on these two lines of evidence, we suspected that the auxin level might be affected in *cmal*. Indeed, the free IAA content was reduced significantly in *cmal* compared to that of WT whereas the zeatin content was not changed as a control (Figure [6A](#F6){ref-type="fig"}). Therefore, the reduced auxin level in *cmal* might account for the down-regulation of early auxin-responsive gene expression.

![The auxin signaling and transport is affected in *cmal*. (**A**) Free IAA contents in two-week-old seedlings. Data are represented as mean ± SD (*n* = 5). \*\* *P* \< 0.01 by Student\'s *t* test. The content of zeatin was used as a control. (**B**) Expression of the *ProDR5:GUS* reporter gene in leaves of WT and *cmal* plants. Arrows indicate GUS signals in the leaf margins. (**C**) Expression of the *ProDR5:GUS* reporter gene in roots of the WT and *cmal* plants. The ratio of GUS signals between the upper and lower sides (root tips) of WT and *cmal* roots. (**D**) Distribution of auxin indicated by DII-VENUS fluorescence in the roots of *cmal* and WT plants. Green channel, DII-VENUS; red channel, cell walls stained with propidium iodide. The ratio of DII-VENUS fluorescence between the upper and lower sides of WT and *cmal* roots is shown. (**E**) Expression of PIN1::PIN1-GFP and PIN2::PIN2-GFP reporters in the roots of WT and *cmal* plants. The green and red channels represent the GFP signal and the cell walls stained with propidium iodide, respectively. From (C) to (E), signal intensities are quantified by the Image J software and displayed in arbitrary units. Error bars represent SDs from 20 seedlings for each genotype and results were analyzed using the Student\'s *t* test (\*\**P* \< 0.01).](gkaa129fig6){#F6}

We further examined auxin signaling by expressing the synthetic auxin-inducible reporter *ProDR5:GUS* ([@B26]) in transgenic *cmal* and WT plants (Figure [6B](#F6){ref-type="fig"}). We detected *ProDR5:GUS* staining in the leaf margins of WT. The strongest signals were observed in the leaf tip and two horizontal ends of the leaf blade, suggesting the local auxin maximum in these regions. However, the local auxin maximum was only observed in leaf tips of *cmal*. This apparent altered auxin distribution is in agreement with the needle-like leaf shape observed in the mutant background. In the root of WT, the strong GUS signals were observed in the root tip (root cap and meristems) and the relative weak signal along the stele of the primary root. However, signals at root tips were barely detectable and only weak signals were observed along the stele of primary roots in *cmal* (Figure [6B](#F6){ref-type="fig"}). Taken together, these findings suggest that not only the auxin level but also the auxin distribution was affected in the leaves and roots of *cmal*.

To further verify the alteration of auxin distribution, we used DII VENUS transgenic plants in which the fluorescence intensity of VENUS is inversely related to the auxin level ([@B61]). The fluorescence signals were less intense in the lower side of WT roots (root tips) but higher in those regions of *cmal* root (Figure [6C](#F6){ref-type="fig"}), which is in accordance with the results of the *ProDR5:GUS* assay.

The alternation of auxin distribution might be the consequence of defects in auxin transport ([@B62]). To test this hypothesis, we analyzed the polar distribution of the PIN-FORMED auxin efflux carriers PIN1 and PIN2 in the *cmal* mutant background. As shown in Figure [6D](#F6){ref-type="fig"}, the polar distribution pattern of the PIN1:PIN1-GFP and PIN2:PIN2-GFP markers was similar in *cmal* and WT plants; however, both PIN1-GFP and PIN2-GFP fluorescence signals were significantly reduced in the *cmal* mutant background. These results suggested that alterations of polar auxin transport might be responsible for the reduction of auxin levels in the root tips of *cmal*.

DISCUSSION {#SEC4}
==========

CMAL is critical for chloroplast ribosome biogenesis {#SEC4-1}
----------------------------------------------------

MraW/RsmH is conserved in almost all species of eubacteria including cyanobacteria but not in archaeal species. In eukaryotes, RsmH orthologs exist in almost all plant species, several algae (red and green algae) and vertebrates ([Supplemental Figure S8](#sup1){ref-type="supplementary-material"}). Here, we revealed that the RsmH ortholog in higher plants encodes a chloroplast methyltransferse responsible for the C~1352~ methylation of 16S rRNA, suggesting that the role of the RsmH orthologs is conserved between eubacteria and the endosymbiont-derived chloroplast. Interestingly, m^4^C was identified at position 841 in the hamster mitochondrial 12S rRNA, which is equivalent to the position of C~1402~ in the *E. coli* 16S rRNA ([@B63]). This finding suggests that the animal orthologs of RsmH seem to encode a mitochondrial N^4^-methyltransferase that forms m^4^C in the 12S rRNA. Our GFP and immunoblotting assays showed that CMAL is not localized in mitochondria (Figure [2A](#F2){ref-type="fig"}). In addition, the accumulation of mitochondrial 18S rRNA is not affected in *cmal* (Figure [4C](#F4){ref-type="fig"}), which is distinct from the decrease of chloroplast rRNAs. These results indicate that CMAL does not participate in the methylation of mitochondrial rRNA.

It has been proposed that the *E. coli* Mraw/RsmH plays a role in fine-tuning the conformation and function of the ribosome P site, thus increasing decoding fidelity ([@B41]). Unfortunately, it is not feasible to assay the translation fidelity of plastids yet. Considering the conservation of helix 44 between plastid and eubacterial 30S ribosomes ([@B4],[@B6],[@B7]), it is likely that CMAL has the same function as RsmH in the translation fidelity. Nevertheless, knock-outs of *rsmH* in *E. coli* only result in a mild reduction in cellular growth ([@B41]). In contrast, the knock-out of *CMAL* in Arabidopsis resulted in strong defects in plant growth and development. Our studies showed that the loss of CMAL function led to a decrease of the mature form of the chloroplast 16S rRNAs and an increase of precursor rRNA levels (Figure [4B](#F4){ref-type="fig"}), suggesting that C~1352~ methylation of 16S rRNA is important for efficient biogenesis of the 30S ribosomal subunit in chloroplasts. The assembly of ribosomes is guided by RNA folding, wherein proteins are used to 'lock in' productive RNA folding and drive the structure towards its mature conformation ([@B64]). CMAL-mediated methylation may facilitate the structural rearrangements of helix 44 where C~1352~ is located in the 16S rRNA to establish a functionally optimal conformation during 30S ribosome assembly. In yeast, it has been reported that loss of rRNA modifications in the decoding center can affect the biogenesis of the small subunit as well as its translation activity ([@B65]). This study together with our finding suggests that a subset of rRNA modifications can influence both ribosome synthesis and function in synergistic ways.

Our results clearly indicate that the accumulation of 50S as well as 30S ribosomal subunits is altered in the *cmal* mutant (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). CMAL might also methylate rRNAs of the 50S subunit, which could potentially affect its biogenesis. However, the methylation of the 23S rRNA was not affected as revealed by RNA-bisulfite sequencing. We cannot exclude completely that CMAL is also involved in the methylation of mRNAs. However, to data, all known rRNA methyltransferases of *E. coli* are specific for their substrates except RsmA/KsgA, which is responsible for the methylation of two nucleotides of the 16S rRNA ([@B66]). The crystal structure of RsmH also showed that not only C~1402~ itself but also the nucleotides neighboring C~1402~ may be necessary to trigger catalysis ([@B42]). Considering these findings together with our bisulfite sequencing data, we proposed that CMAL is specific for C~1352~ of the 16S rRNA rather than a promiscuous RNA methyltransferase. Indeed, 50S ribosome accumulation defects are often observed in mutants that impair 30S ribosome assembly or lack 30S ribosomal subunits in chloroplasts of higher plants ([@B67]), suggesting the interdependence of the biogenesis of the two ribosomal subunits. Taken together, we propose that the defect in 50S ribosome accumulation reflects an indirect consequence of 30S ribosome deficiency in *cmal* rather than a direct role of CMAL in 50S ribosome biogenesis.

In bacteria, C~1402~ of the 16S rRNA is subjected to dimethyl modification. Another methyltransferase Yral/RsmI is responsible for 2′-O-methylations of C~1402~ ([@B41]). The closely related Arabidopsis AT1G45110 protein showed 63% similarity to RsmI of *E. coli*, suggesting that AT1G45110 could be the Arabidopsis ortholog of RsmI ([Supplemental Figure S9](#sup1){ref-type="supplementary-material"}). Nevertheless, several algorithms used could not unequivocally predict the presence of an N-terminal signal peptide within this protein (<http://aramemnon.uni-koeln.de>). In addition, no proteome data revealed that this protein is localized in plastids yet. Thus, it remains to be clarified whether AT1G45110 is responsible for a potential 2′-*O*-methylation of C~1352~ of the plastid 16S rRNA. Some methyltransferases are highly conserved across various organisms which probably represent the core of methylations for the proper function of rRNA whereas others are not conserved ([@B70]). In agreement with this, many methylated nucleotides of rRNAs are conserved throughout prokaryotes and eukaryotes while some are unique to one or few kingdoms of life ([@B71]).

Mechanisms of CMAL involved in plant development {#SEC4-2}
------------------------------------------------

Several studies have suggested that plastid ribosomes or translation have important roles in particular developmental events. The formation of the palisade parenchyma is impaired in several plastid translation mutants, including those with mutations in ribosome components ([@B72]), factors involved in ribosome biogenesis ([@B73]), and plastid translation factors ([@B74]). Developmental changes that are not typically associated with chloroplast function, such as aberrant leaf shapes or plant architectures, can also occur in some plastid ribosome mutants ([@B77],[@B78]). It is very interesting that the *rpl36* knock-out in tobacco also leads to a similar needle-like leaf shape and reduced apical dominance as *cmal* ([@B77]). However, it is still unknown whether *rpl36* knock-outs in Arabidopsis also lead to such developmental defects. Mutations in *RFC3*, a gene for the plastid ribosomal S6-like protein, in Arabidopsis result in abnormal lateral roots in which stem cell pattering of the root apical meristem is disrupted ([@B79]). Although the precise role of RFC3 in plastid ribosome biogenesis and/or translation has not been determined yet, it established a possible link between plastid ribosome and root development. In addition to genes encoding plastid ribosomal subunits or associated factors, a surprisingly large number of genes encoding for enzymes or proteins with functions in basic cellular processes such as transcription, post-transcriptional modification and translation have been found to be involved in plant organogenesis ([@B80]). This raises the still open question how organellar processes mediated by housekeeping genes are translated into a specific cellular behavior leading to defined organogenesis.

In *cmal* mutant, the free IAA content was reduced significantly (Figure [6A](#F6){ref-type="fig"}). In addition, the RNA-sequencing and *ProDR5:GUS* assays showed that the transcriptional response of auxin was impaired in *cmal* (Table [1](#tbl1){ref-type="table"} and Figure [6](#F6){ref-type="fig"}B*)*. This clearly links chloroplast ribosome function to auxin singling pathways in regulating plant development. As the key auxin in most plants, IAA is synthesized from tryptophan (Trp) through four proposed routes according to their key intermediates, namely indole-3-acetaldoxime (IAOx), indole-3-pyruvic acid (IPA), indole-3-acetamide (IAM), and tryptamine (TAM) ([@B81]). Thus, it is possible that the reduced levels of chloroplast translation in *cmal* affect the chloroplast-localized enzymes involved in Trp biosynthesis, which might impact the IAA biosynthesis in *cmal*. This could occur by a plastome-encoded gene product influencing the activity or turnover of the (nuclear-encoded) enzymes involved in Trp metabolism. In this respect, one candidate is the CLPP1 protein, which is a subunit of the 350-kDa Clp protease complex encoded by the plastid genome ([@B82]). The polysomal loading assay showed that the translational activity of the *clpP* mRNA was clearly reduced in *cmal* (Figure [5B](#F5){ref-type="fig"}). It is possible that the *CMAL* mutation impairs the translation of the CLPP1 protein, which functions on the activity and/or stability of Trp-related enzyme(s) at the post-translation level. Interestingly, similar to *cmal*, disruption of *CLPP1* in tobacco resulted in a slender leaf shape ([@B83]).

We found that the expression of the probable indole-3-pyruvate monooxygenase *YUC8*, which directly converts IPA into IAA, was reduced significantly in *cmal* (Table [1](#tbl1){ref-type="table"}). Given that the TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS (TAA)/YUCCA (YUC) linear pathway has been considered as a predominant Trp-dependent auxin biosynthetic pathway ([@B84],[@B85]), it is likely that the decrease of IAA is caused by the down-regulation of *YUC8*. This could occur via a retrograde signaling pathway emanating from chloroplast gene expression. Interestingly, the expression of two IAA-amino acid conjugate hydrolase genes was up-regulated in *cmal*. This could reflect a compensatory response to the decline of free IAA levels because this enzyme can hydrolyze amide-linked conjugates to free IAA ([@B60]). The relationship between chloroplast function and auxin metabolism is even more complex because chloroplast redox homeostasis and many secondary factors affect auxin biosynthesis in plant ([@B86]).

It remains an open question how the biosynthesis and signaling pathways of auxin are affected by chloroplast translation. Impaired auxin biosynthesis/signaling and developmental defects in *cmal* might be related to retrograde signals which had been discovered nearly 40 ago in the barley *albostrians* mutant which lacks chloroplast ribosomes ([@B87]). Thereafter, many investigations confirmed the impact of chloroplast translation on nuclear gene expression and several signaling pathways linking these two processes have been proposed ([@B88]). It is likely that chloroplast ribosome-mediated retrograde signaling regulates the expression of auxin biosynthesis genes (for instance, *YUC8*) thus affecting auxin-derived signals to regulate plant development. Such signals from dysfunctional mitochondrial ribosomes have been reported to be crucial for cell proliferation in mammals ([@B91]).

In addition to free IAA levels, the auxin distribution was also affected in *cmal*, which might result from the impaired auxin polar transport mediated by PIN proteins. This impairment might reflect a secondary effect of auxin decline because auxin can regulate its own transport by affecting PIN polar localization and PIN protein abundance in the cell *via* a feedback mechanism ([@B62]). It remains possible that the putative retrograde signal from chloroplast ribosomes directly regulates the expression of PIN protein. Although the *PIN1* and *PIN2* mRNA levels were not changed in *cmal*, this signal might act on the post-transcriptional level, such as the phosphorylation of PIN proteins, which plays a central role in PIN-mediated auxin transport ([@B62]).

Interestingly, impairment of cytosolic ribosome function also affects specific development processes of plant leaves and roots ([@B92],[@B93]). In addition, some cytosolic ribosomal proteins directly control developmental programs through translational regulation of auxin response factors ([@B94]). The phenotypic comparability between mutants defective in chloroplast and cytosolic ribosome related genes raises the interesting question whether overlapping signaling components exist. A recent study suggested a mechanism involved in balancing cytosolic and chloroplast translation programs during chloroplast biogenesis ([@B95]). It remains an outstanding challenge to study the functional interplay between cytosolic and chloroplast ribosomes in plant development.
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